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The discrete thermomagnetic analysis allows identification of the mineral composition of free iron com¬ 
pounds: goethite and hematite (as a consequence of heating in a reducing medium), iron carbonate and siderite 
(as a consequence of heating in an oxidizing medium). Informative new criteria are used: the reducing and the 
oxidizing capacity of free iron compounds. A classification of clay-containing materials used in the ceramic 
industry is proposed consisting of three groups graded according to the reducing capacity of free iron com¬ 
pounds. 


It is known that natural deposits of kaolin and other clay¬ 
bearing materials with a low iron oxide content are limited. 
The traditional methods used in concentration of the initial 
components for ceramic mixtures do not always allow for the 
required degree of iron removal. In this context, the identifi¬ 
cation of iron compounds in addition to theoretical value has 
practical value as well, since it makes it possible to substanti¬ 
ate the optimum concentration schemes for ceramic materi¬ 
als. 

Iron can exist in clay-bearing materials in different 
forms: silicate (isomorphic silicate impurities) or free iron 
compounds (non-silicate). The latter can be represented by 
mineral particles in various degrees of dispersion or by the 
iron oxide films on the surface of silicate mineral particles. 
When free (non-silicate) iron compounds prevail in the com¬ 
position of clay-bearing materials, they are easier to remove 
than in the case when iron incorporated in the silicate crystal 
lattice is predominant. On the other hand, when weakly crys¬ 
tallized and highly disperse particles predominate among the 
non-silicate iron compounds, it can be expected that the ef¬ 
fect of chemical and microbiological actions on the initial 
components will be more significant than in the case of a ma¬ 
terial in which large crystallized particles of iron oxides pre¬ 
vail. Another essentia! factor is that non-silicate iron com¬ 
pounds can include both divalent (carbonate, sulfides) and 
trivalent (oxides and hydroxides) iron ions. 

The presence of a particular type of iron-containing min¬ 
eral determines the redox conditions required for its destruc- 
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tion. Moreover, it should be taken into consideration that 
when the magnetic concentration method is used, highly 
magnetic particles are easier to remove than weakly mag¬ 
netic particles. 

The analytical methods used to identify iron-containing 
minerals include x-ray structural analysis, Mossbauer spec¬ 
troscopy (nuclear gamma resonance spectroscopy), electron 
paramagnetic spectroscopy, and magnetic methods [1,2]. 

The crystallized iron oxides contained in rocks in signifi¬ 
cant quantities can be easily identified by Mossbauer spec¬ 
troscopy and x-ray diffraction analysis [2, 3]. 

Owing to the low content of iron compounds in the com¬ 
position of clay-containing materials, their non-stoichiomet- 
ric composition, and the high dispersion of particles, the use 
of x-ray structural analysis, nuclear gamma resonance, and 
electron paramagnetic spectroscopy at room temperature was 
not effective in identifying these compounds. Traditional 
magnetic measurements are not acceptable either because of 
the low magnetic susceptibility of clay-bearing materials, 
since the iron compounds contained in them are usually 
weakly magnetic [1,2]. 

The methods of chemical identification of iron com¬ 
pounds are relatively simple. Chemical analysis makes it 
possible to determine both the total iron content and the con¬ 
tent of free iron compounds in argillaceous components. 

This problem is solved in soil science based on the dif¬ 
ferent solubility of iron compounds using different chemical 
agents. Some information on the dissolving power of iron- 
containing minerals using different chemical agents is pro¬ 
vided in the review by Parfitt and Childs [4], 
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However, the methods developed by soil scientists can¬ 
not be used for identification of iron compounds in ceramic 
materials since the range of the iron compounds in soils is 
based on the excess of dithionite-soluble iron compared to 
oxalate iron: Fe d > Fe 0 . The analysis of Prosyanovskoe clay 
revealed the reverse inequality: Fe d < Fe 0 [5], This result was 
supported by a study of Australian kaolins [6]. 

Yu. N. Vodyanitskii suggested using discrete thermo- 
magnetic analysis [7] for identification of iron-containing 
minerals in soil (goethite a-FeOOH, hematite a-Fe 2 0 3 , lepi- 
docrocite 5-FeOOH, ferrihydrite 5Fe,0 3 • 9H,), ferroxygite 
5-FeOOH). The method is based on conversion of weakly 
magnetic iron minerals to highly magnetic ones by heating 
the samples at a fixed temperature in a reducing or an oxidiz¬ 
ing medium with subsequent cooling to room temperature 
and measuring the magnetic parameter of the cooled sample. 

According to Yu. N. Vodyanitskii, lepidocrocite in an ox¬ 
idizing medium is dehydroxyIated with formation of highly 
magnetic maghemite y-Fe 2 0 3 . Moreover, ferrihydrite is re¬ 
duced to magnetite Fe 3 0 4 due to its high hydration. The Fe 
(II) compounds, namely, siderite FeC0 3 and pyrite FeS 2 , in 
oxidizing conditions also change into magnetite. At the same 
time, Fe(II) is partly oxidized to Fe(III). In a reducing me¬ 
dium, goethite, ferroxygite, and hematite are reduced to mag¬ 
netite Fe 3 0 4 . 

In the course of thermomagnetic analysis, clay- 
containing samples are fired in a muffle furnace at a fixed 
temperature (from 200 to 650°C with an interval of 50°C). 
The reducing medium is formed by adding a small amount of 
sugar to the investigated sample. After the sample is cooled 
to room temperature, its magnetic susceptibility is deter¬ 
mined. The phase transformations of the iron minerals are 
accompanied by a substantial increase in the magnetic sus¬ 
ceptibility of the samples. 

The identification of iron minerals is based on the fact 
that a number of peaks is registered on the differential tem¬ 
perature curve of the considered samples within the tempera¬ 
ture interval of 200 - 650°C. The position of a thermal effect 
on the temperature scale makes it possible to identify these 
peaks as a specific trivalent iron oxide or hydroxide which 
has passed into a highly magnetic form. 

Since the temperature interval for reducing the magnetic 
susceptibility maximum values partly coincides for goethite 
and hematite (the temperature peak of goethite is within the 
interval of 375 - 475°C, and that of hematite is within 
375 - 550°C), it complicates identification of iron oxides 
when the peaks are within the temperature interval of 
375 - 475°C. 

In order to reliably discriminate iron oxides in doubtful 
cases, an additional operation is required, i.e., isothermal 
heating of the ceramic material at the temperature of 700°C 
for 1 h. Next the discrete thermomagnetic analysis of the 
sample calcined in a reducing medium is performed. The 
correlation of the two differential curves (initial and calcined 
sample) in certain cases makes it possible to distinguish 


49 

Ay/At, 10 " 6 cm 3 /(g • °C) 



Fig. 1. Differential thermoniagnetic curves of ceramic materials: 
1) initial sample; 2) calcined sample. 


goethite from hematite, since the goethite contribution is ab¬ 
sent on the thermomagnetic curve of the calcined sample. 
The hematite produced by calcination has a lower reducing 
capacity than goethite. This is manifested by a decrease in 
the peak height on the secondary curve /?, as compared to the 
peak on the primary curve h 0 . Goethite and hematite can be 
sufficiently reliably distinguished with the ratio of h r /h Q . 
Thus, for goethite h t /h 0 <OJ, and for hematite 
0.7 < h t /h 0 < 1.3. 

The content of the monomineral iron oxide fraction in 
clays (solely goethite or solely hematite) can be judged by 
the level of the reducing capacity RC. This parameter is 
found from the formula: 

RC ~~ ^max ~ *0 ’ 

where x 0 and X max are the values of the initial and the maxi¬ 
mum magnetic susceptibility of the samples after heating in a 
reducing medium. 

With a similar formula, the value of the oxidizing capac¬ 
ity of iron carbonates in samples subjected to heat treatment 
in an oxidizing medium was determined. 

The method proved its high efficiency in the analysis of 
the following clay-bearing materials: raw kaolin from the 
Zhuravlinyi Log deposit, kaolins from the Kyshtymskoe and 
the Prosyanovskoe deposits, porcelain rock from the 
Gusevskoe deposit, and refractory clays [5], 

The level of the reducing capacity was used to assess the 
hematite content in clay-bearing materials. Yu. N. Vodya¬ 
nitskii proposed the following classification of the reducing 
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RC x 10 6 , cm 3 /g OC x 10 “ 6 , cm 3 /g 



Fig. 2. Reducing capacity RC of ceramic material (a) and oxidizing 
capacity (OC) of ferruginous Gusevskii rock (b): I and 2) ferru¬ 
ginous and low-iron Gusevskii rock; 3 ) Novoraiskoe clay; 4 ) Pro- 
syanosvkoe kaolin; 5) Zhuravlinyi Log kaolin; 6) Chasov’yarskoe 
clay; 7) ceramic mixture; 8 ) Kyshtymskoe kaolin. 


capacity of these materials: RC < 50 x 10 6 cm 3 /g as low; 
50 x 10“ 6 < RC < 100 as medium; and RC> 100 x 10 _6 cm 3 /g 
as high reducing capacity. 

The data shown in Fig. 1 and Table 1 indicate that the 
only peak registered on the Prosyanovskoe kaolin primary 
curve at the maximum temperature of 475°C can belong ei¬ 
ther to goethite or to hematite. It is the height of the second¬ 
ary curve peak that is significant for identification of the ox¬ 
ide type. A ratio of h t //t 0 equal to 1.0 indicates that hematite 
is the main iron oxide in the Prosyanovskoe clay. According 


TABLE 1 
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Fig. 3. Differential thermomagnetic curves of porcelain rock from 
the Gusevskii deposit: 1) initial sample; 2) calcined sample. 


to the above classification, its reducing capacity, estimated at 
RC= 90 x 10' 6 cm 3 /g, corresponds to the medium grade. 
Two peaks at the maximum temperatures of 375 and 475°C 
are registered on the primary thermomagnetic curve of 
Kyshtymskoe kaolin. Both peaks belong to the temperature 
region in which the peaks of both goethite and hematite can 
be found. Therefore, it is the second curve that is significant 
for identification of the iron oxides. Two peaks at the maxi¬ 
mum temperatures of 375 and 525°C are registered on the 
latter curve. The first peak exhibits a decrease in height com¬ 
pared to the first curve (h t /h Q = 0.61), which is typical of 
goethite. The height of the second peak, on the contrary, in¬ 
creases: hjh o =1.65, which is typical of hematite. These data 
suggest that goethite and hematite coexist in Kyshtymskoe 
kaolin. The presence of goethite points to the efficiency of 
magnetic separation in removal of iron from kaolin material, 
since owing to the crystallographic difference, the goethite 
particles are weakly bound to kaolinite particles. 

The primary differential curve of Novoraiskoe clay ex¬ 
hibits a peak at the maximum temperature of 425°C which 
can be determined by the presence of either 
goethite, or hematite. The height of the peak of 
the second curve does not significantly vary: 
h t /h 0 = 0.92, which points to the presence of he¬ 
matite. The reducing capacity of hematite is high: 
RC = 112 x 10 - 6 cm 3 /g (Fig. 2) 

The analyzed samples of porcelain rock from 
the Gusevskii deposit were taken from two differ¬ 
ent sites: ferruginous rock with a Fe 2 0, content 
equal to 2.15% (sample 1) and low-iron rock with 
a Fe 2 0 3 content equal to 0.26% (sample 2). 

The primary curve of the ferruginous sample 
exhibits a peak at the maximum temperature of 
475°C which can be attributed to either goethite, 
or hematite. The height of the peak on the second¬ 
ary curve increases significantly, resulting in 


Material 

Total content of 
Fe,0,. % 

RC x 10 6 cm'/g 

Iron minerals 

Kaolin: 

Prosyanovskoe 

0.81 

90 

Hematite 

Kyshtymskoe 

1.68 

66 

Hematite, goethite 

Zhuravlinyi Log deposit 

0.45 

8 

Not identified* 

Novoraiskoe clay 

1.37 

112 

Hematite 

Gusevskii porcelain rock: 

sample 1 

2.15 

725 

Goethite, siderite 

sample 1 

0.27 

17 

Not identified 

Ceramic mixture 

0.45 

45 

Hematite 


* The content of iron oxides in the sample is below the identification limit. 
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hjh^ — 0.53, which is evidence of the predominance of 
goethite in the Gusevskii rock. The reducing capacity of 
goethite is high: 752 x 10 6 cm 3 /g. This ferruginous sample 
was subjected to heating in an oxidizing medium as well. 
The high oxidizing capacity: OC = 71 x 10 ” 6 cm 3 /g (Fig. 2) 
points to the presence of siderite FeC0 3 in the sample, which 
in oxidizing conditions is partly transformed into magnetite. 
Thus, siderite and goethite were identified in the ferruginous 
sample of Gusevskii rock. The weak effects observed on the 
differential thermomagnetic curve of the low-iron sample of 
Gusevskii rock did not allow identification of the iron ox¬ 
ides. The reducing capacity of this rock is very low: 
17 x 10 6 cm 3 /g. Judging from the absence of oxidizing ca¬ 
pacity, the sample does not contain siderite. 

The ferruginous sample of the porcelain rock was sub¬ 
jected to magnetic separation after which the specific mag¬ 
netic susceptibility y 0 of the magnetic fraction and its reduc¬ 
ing capacity were determined (Fig. 4). The magnetic suscep¬ 
tibility of the magnetic fraction attained 25 x 10 6 cm 3 /g 
against x = 0 for the nonmagnetic fraction of the low-iron 
sample. At the same time, the decrease in the reducing ca¬ 
pacity from 17 x 10“ 6 g/cm 3 to 15 x 10~ 6 cm/g makes it 
possible to identify more reliably the mineral composition of 
iron oxides in the magnetic fraction. It can be assumed that a 
small amount of highly magnetic oxides (magnetite Fe 3 0 4 or 
maghemite y-Fe 2 0 3 ) was converted to a magnetic fraction. 
Thus, magnetic separation makes it possible to identify a 
negligibly small quantity (below 0.01%) of highly magnetic 
iron oxides contained in the material, whose presence in a 
non-concentrated sample is concealed by the diamagnetism 
of certain minerals. 

The data obtained which characterize the iron-containing 
minerals in the initial material components are shown in Ta¬ 
ble 1. Considering the content of the iron minerals that have 
to be extracted from the material, these data make it obvious 
that a decrease in the reducing capacity of the initial sample 
corresponds to a decrease in the content of Fe(III) oxides, for 
example, hematite. The effect of magnetic separation on this 
material will be low: it can be assumed that the method of 
microbiological or chemical purification or a combination of 
them are more adequate for removal of small impurities of 
low-magnetic iron minerals. 

Raw materials which are characterized by a low reducing 
capacity (RC< 50 x 10 _6 cm 3 /g) can be most suitable for 
the production of highly white porcelain. The kaolin from the 
Zhuravlinyi Log deposit and the porcelain rocks from low- 
iron sites of the Gusevskii deposit satisfy this condition. The 
material whose iron oxide reducing capacity is medium 
(50 x 10 -6 <RC<l00x 10~ 6 cm 3 /g) has a lower quality. 
Such capacity is typical of Prosyanovskoe and Kyshtymskoe 
kaolins. However, the mineral analysis points to an essential 
distinction in the composition of the iron-containing impuri- 
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Fig. 4. Specific magnetic susceptibility y (| and reducing capacity 
RC of the initial sample from the low-iron site of the porcelain rock 
Gusevskii deposit ( I ) and its magnetic fraction (2). 


ties of these kaolins. Thus, Prosyanovskoe kaolin contains 
hematite, and Kyshtymskoe kaolin contains hematite and 
goethite. In the second case, magnetic separation can be ef¬ 
fective, since goethite is usually not bound as strongly as he¬ 
matite to the kaolinite particles. 

Finally, the third grade of material whose parameter is 
unfavorable contains a substantial quantity of free iron com¬ 
pounds that have to be removed. According to the research 
counducted, these materials include Novoraiskoe clay and 
porcelain rocks from the high-iron sites of the Gusevskii de¬ 
posit. 

Thus, the mineral analysis performed using discrete 
thermomagnetic analysis makes it possible to identify the 
clay-bearing material whose free iron-bearing compounds 
which have to be removed in the course of concentration 
may have different mineral compositions. In some cases, the 
analysis data can be used to substantiate the selection of the 
optimum methods for concentration of the raw material. 
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